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Abstract
Primordial black holes that survive until the present have been considered as a dark
matter candidate. In this paper we argue that primordial 2-2-hole remnants provide a
more promising and testable option. 2-2-holes arise in quadratic gravity as a new family
of classical solutions for ultracompact matter distributions and they possess the black hole
exterior without an event horizon. They may serve as the endpoint of gravitational col-
lapse, providing a resolution for the information loss problem. Intriguing thermodynamic
behavior is found for these objects when sourced by a thermal gas. A large 2-2-hole radi-
ates with a Hawking-like temperature and exhibits an entropy-area law. At a late stage,
the evaporation slows down and essentially stops as the mass asymptotically approaches a
minimal value. This remnant mass is determined by a fundamental scale in quadratic grav-
ity. We study the cosmological and astrophysical implications of having these remnants as
dark matter and derive the corresponding constraints. A distinctive phenomenon associ-
ated with remnant mergers occurs, predicting fluxes of high-energy astrophysical particles
due to the spectacular evaporation of the merger product. Measurements of high-energy
photon and neutrino fluxes could possibly bound the remnant mass to be not far above the
Planck mass. Early-universe physics, on the other hand, requires that 2-2-holes quickly
evolve into the remnant state after formation, putting an upper bound on the formation
mass.
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1 Introduction
With the direct detection of gravitational waves, a new era of testing the strong gravity regime
has begun [1]. The signals, which appear to originate from stellar-mass astrophysical black
holes, are so far consistent with General Relativity (GR). However, the implications regarding
physics near the black hole horizon are not clear, and it is indeed this regime where deviations
from GR might make their first appearance. Such deviations are strongly motivated by the
possible resolution of information loss paradox. In particular, it might be a result of the under-
lying quantum gravity, although at first glance the Planck scale physics is not expected around
a macroscopic horizon from naive dimensional arguments. An extraordinary, yet simple, possi-
bility is that quantum gravity effects prevents formation of the horizon, generating horizonless
ultracompact objects instead of black holes. These objects appear similar to black holes for
current observations, but they may leave distinctive imprints in gravitational wave signals [2].
Another great puzzle confronting the modern physics for decades is dark matter, the nature
of which has so far remained elusive with only evidence coming from gravitational interactions.
Among the well studied dark matter candidates in the literature have been Primordial black
holes (PBHs) [3]. They have recently garnered more attention because of the null results of
searches for the dark matter particles as well as the new testing opportunities due to the
direct detection of gravitational waves. Yet, the present mass fraction of PHBs in dark matter
is heavily constrained. In the standard scenario, where the validity of Hawking radiation is
assumed all the way down to complete evaporation, MPBH & 1015 g is required for PBHs to
survive until now and account for the dark matter, for which only very few narrow mass windows
are still available [4, 5].
However, it has been conjectured that the evaporation may come to a stop at some stage,
and instead of an explosion as the end point, a remnant is left behind and may serve as
dark matter [6–8]. For this case, the lower mass range MPBH . 1015 g is still allowed. In
fact, phenomenological studies show that all the observational constraints can be evaded if
PBHs radiate away most of their energy before Big Bang Nucleosynthesis (BBN). When the
initial mass satisfies MPBH . 106 g, the leftover Planck mass remnants can account for all of
dark matter [9]. The obvious challenge is then to understand the mechanism responsible for
the generation of such remnants. Theoretically, black hole remnants can be realized by either
modifying gravity or the matter sector [10]. However, ideas along these lines are often dismissed,
mainly because of their apparent ad-hoc nature and their failure to resolve the information loss
paradox. Modifications around the macroscopic black hole horizon are already expected before
reaching the remnant stage, which constitutes an obstacle in addressing the information loss
problem with black hole remnants.
In this paper, a theoretical model for horizonless ultracompact objects as dark matter is
investigated. Remarkably, a remnant naturally arises as a consequence of new physics at a
microscopically small distance that in turn determines the mass of the remnant. The underlying
theory is quadratic gravity, a candidate for quantum gravity in the framework of quantum
field theories. By including all the quadratic curvature terms on top of the Einstein-Hilbert
action, i.e. the Weyl term CµνρσCµνρσ and the Ricci term R2, quadratic gravity provides a
renormalizable and asymptotically free UV completion of GR at dimension four spacetime [11–
14].1
1At the classical level the theory suffers from a long-known ghost problem associated with the higher deriva-
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The horizonless ultracompact object in question, referred to as a 2-2-hole, emanates as a
classical solution in the theory when sourced by a compact matter distribution [25, 26]. The
2-2-hole has no analog in GR and is closely related to the Weyl term. Its exterior closely
resembles that of a black hole, while in the interior a novel high-curvature solution takes over.
A transition region at around the would-be horizon is where significant deviations from a black
hole first occur. As the most generic solution in the theory, it may serve as the endpoint
of gravitational collapse. In contrast to many other ultracompact objects, a 2-2-hole can be
arbitrarily heavy, but it has a minimum allowed mass Mmin, thus indicating the existence of
stable remnants. Therefore, not only does the 2-2-hole provide a resolution for information loss
paradox due to the absence of horizon, the leftover remnants of primordial 2-2-holes formed in
the early universe can very well be considered as a dark matter candidate.
To investigate 2-2-hole remnants as dark matter, their thermodynamic properties are essen-
tial. Recently, solutions sourced by a thermal gas were found in [27] and studied further in [28].
This simple form of matter may describe the final state of infalling matter in the high curvature
interior. Unlike in GR, in quadratic gravity the thermal gas is able to support an ultracompact
configuration without collapsing into a black hole. This model then enables the study of 2-2-
hole thermodynamics in terms of properties of a thermal gas on a curved background. Thermal
2-2-holes with different masses exhibit qualitatively distinct behaviors [27, 28]. A large 2-2-
hole with mass away from Mmin resembles a black hole thermodynamically, notwithstanding
its different origin. The temperature is proportional to Hawking temperature up to a constant
and the entropy satisfies the area law. A small 2-2-hole with mass quite close to Mmin, on the
other hand, behaves more like an ordinary thermodynamic system. With both temperature
and entropy approaching zero in the minimal mass limit, it behaves as a stable remnant.
Such a change in thermodynamic behavior in the minimal mass limit is not unprecedented
and occurs in various models for black hole remnants, e.g. extremal black holes. What is
appealing for the 2-2-hole case is that the absence of horizon and the stabilization mechanism
for the small objects both stem from quadratic curvature terms that operate at high energies
or curvatures. As a result, a large primordial 2-2-hole starts by radiating like a black hole with
increasing temperature and radiation power. After reaching the peak temperature, it enters into
the remnant stage with much lower temperature and power. During the course of evaporation,
the entropy of 2-2-hole gradually decreases with the information carried out by the thermal
radiation, as with any burning object. Therefore, unlike the case of black hole remnants, there
is no issue of an arbitrarily large amount of entropy stored in a small-size object.
The observational constraints for primordial thermal 2-2-hole remnants as dark matter will
be explored in this paper. For this purpose, thermodynamic features of 2-2-holes sourced
by a thermal gas are elaborated in Sec. 2, where similarities and differences from PHBs are
discussed. The present-epoch observations for the 2-2-hole remnants are studied in Sec. 3. As
a new phenomenon specific to 2-2-holes, the binary merger of two remnants gives rise to a high
temperature product, with the excess energy released almost instantly by emitting high-energy
particles. We explore this process and its observational consequences in detail in Sec. 3.1.
The early-universe physics for primordial 2-2-holes are investigated in Sec. 4, including the
requirement from the observed relic abundance and observations from BBN and CMB. The
tive terms. There are proposed solutions to deal with the ghost by taking quantum corrections seriously [15–24].
That problem aside, quadratic gravity provides a more tractable framework to study high curvature effects
around macroscopic would-be horizons.
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later mainly constrains the early-stage evaporation of primordial 2-2-holes. The observational
constraints and their implications are discussed in Sec. 5, with the main results summarized in
Fig. 8 and Fig. 9 for the present-epoch and early-universe constraints, respectively. The paper
is concluded in Sec. 6.
2 Thermal 2-2-holes
large mass
(                    )
intermediate mass
(                   )M ⇠Mpeak
small mass
(                   )
hot coldcold
rH rH rH
M &MpeakM .Mpeak
Figure 1: Schematic plots for thermal 2-2-holes with different masses. Mpeak ≈ 1.2Mmin denotes
the 2-2-hole mass at which the temperature at infinity is maximized. For each plot, the color
represents relative magnitude of the temperature (or curvature invariants) as a function of the
radial coordinate. The ticks denote the interior size and the would-be horizon size rH .
The qualitative features of 2-2-holes are quite simple, although their solutions can only be
found numerically due to the nontrivial field equations. Focusing on the spherically symmetric,
asymptotically flat and static cases, a general 2-2-hole consists of an exterior that resembles
the Schwarzschild solution with the same physical mass M , an interior characterized by a novel
high-curvature region as dominated by the quadratic curvature terms and a transition region
around the would-be horizon rH = 2M`2Pl that links the two regimes. The existence of 2-2-holes
relies on the Weyl term CµνρσCµνρσ in the quadratic action, which introduces a new spin-2 mode
with mass m2. This mass scale determines the minimum mass for the 2-2-hole as
Mˆmin ≡ Mmin
mPl
≈ 0.63mPl
m2
≈ 0.63 λ2
`Pl
, (1)
meaning that the size of 2-2-holes is bounded from below by the Compton wavelength λ2 of
the spin-2 mode. There are two scenarios for quadratic gravity, as defined by the strength of
dimensionless couplings associated with the quadratic curvature terms. In the strong coupling
scenario, the Planck mass arises dynamically by dimensional transmutation, and there is only
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one mass scale m2 ≈ mPl, i.e. Mˆmin ≈ 0.63. In the weak coupling scenario, the Planck mass
can arise either spontaneously through vacuum expectation values of some scalar fields or it
can be put in explicitly. For this case, there can be a large mass-hierarchy with m2  mPl, i.e.
Mˆmin  1.
We find notably different behaviors for thermal 2-2-holes, as shown schematically in Fig. 1.
A large hole with M & Mpeak has an extremely narrow transition region around rH , and it
appears very much like a black hole for an outside observer. The high temperature thermal
gas filling the interior can be thought as a firewall with a large angular proper length ∼ rH but
with a rather small radial proper length ∼ λ2. This novel interior geometry leads to anomalous
thermodynamics e.g. negative heat capacity and the area law for the entropy, as in the case
of black holes but with different numerical values. A small 2-2-hole with M . Mpeak (“small”
refers to M being close to Mmin even when Mmin is large), on the other hand, has a broader
transition region and a shrinking interior. Thermodynamically it behaves more like the self-
gravitating radiation inside a box, with positive heat capacity and the entropy scaling trivially
with the interior size. When M →Mmin, the temperature at infinity, entropy, and the interior
size all approach zero. In between these two distinctive behaviors is the intermediate-mass
realm, where the 2-2-hole temperature at infinity reaches a maximum. In Appendix A, we
provide more details of the structure of 2-2-holes in these particular cases.
In the following, we first review thermodynamic properties of the thermal 2-2-hole in Sec. 2.1,
and then derive time evolutions of various quantities during the 2-2-hole evaporation in Sec. 2.2.
These properties turn out to be quite simple, as mainly determined by the mass of the hole M
and its minimum allowed value Mmin.
2.1 Thermodynamics
The thermal gas that sources the 2-2-hole background may include particles of all kinds. In
addition to those from the original infalling matter, any new species will be produced by
particle collisions in the high curvature interior. This may include ultra-heavy particles due to
the extremely high temperature deep inside. As was found in [28], gas particles with large mass
can significantly change the interior matter distribution, while the thermodynamic properties
of the hole for an outside observer remain quite insensitive to this effect. Therefore, for our
phenomenological study, it is a good approximation to consider the thermal gas model with
only massless relativistic particles. The energy density and pressure are then given as,
ρ = 3p =
pi2
30
N T 4 . (2)
T (r) is the local measured temperature and N = gb + 7gf/8, where gb and gf are the number
of bosonic and fermionic degrees of freedom. In principle, N includes particle species of all
kinds and could be much larger than its Standard Model value. In the following, we make
the N -dependence explicit so that its impact on the results can be clearly seen. Given the
conservation law of the stress tensor, T (r) satisfies Tolman’s law (T (r)g1/200 = T∞) and so
grows large inside the gravitational potential. The value at spatial infinity T∞ is roughly the
temperature measured by a distant observer. When the 2-2-hole is not in thermal equilibrium
with its surroundings, T∞ represents the temperature at which it radiates as a black body. The
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total entropy and energy of the gas are related as,
S =
4
3
U
T∞
=
8pi3
45
N T 3∞
∫
dr
√
A(r)
B(r)3
r2 . (3)
The numerical solutions for metric functions A(r), B(r) are displayed in Appendix A. Being
much smaller than unity in the highly curved 2-2-hole interior, they play a significant role in
determining the unusual 2-2-hole thermodynamics.
The thermal 2-2-holes exhibit intriguing thermodynamic behavior for the small- and large-
mass cases. Fig. 2 shows the temperature T∞ and the entropy S as functions of the mass, where
the plots have been arranged to be independent of the values of Mmin and N . Given that the
mass M can get extremely close to Mmin, we display the dependence on the difference ∆M ,
instead. The exact numerical results, denoted as black dots in Fig. 2, can be well approximated
by analytical formulae in the small- and large-mass ranges, as shown by the colored lines. In
the following, we discuss this novel behavior in more detail.
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Figure 2: The 2-2-hole temperature T∞ and entropy S as functions of the mass difference
∆M = M − Mmin. Black dots denote the exact numerical results. The blue and red solid
lines are the leading-order analytical approximations for the small- and large-mass ranges,
respectively. The red dashed line shows the next-to-leading-order improvement for the small-
mass cases.
In the large-mass range, the temperature and entropy can be well approximated by the
following,
T∞ ≈ 1.7N−1/4Mˆ1/2min TBH, S ≈ 0.60N 1/4Mˆ−1/2min SBH . (4)
TBH = m
2
Pl/8piM is the Hawking temperature and SBH = pi r2H/`2Pl is the Bekenstein-Hawking
entropy for a Schwarzschild black hole with the same M . Anomalous behavior of black hole
thermodynamics, i.e. the negative heat capacity and the area law for entropy, now arises from
the ordinary thermal gas on a highly curved background spacetime. Therefore, for an outside
observer, a large 2-2-hole appears similar to a black hole in terms of its thermodynamic behavior.
Yet, the thermodynamic quantities depend on the number of degrees of freedom N and the
minimal mass Mmin. In the strong coupling scenario, the difference is mainly from the former.
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For a reasonable choice of N , e.g. the Standard Model value, we can have S > SBH with the
same mass. This suggests that a 2-2-hole is thermodynamically more stable than a black hole,
and would be favored as the endpoint of gravitational collapses. In the weak coupling scenario,
where Mmin  mPl, 2-2-holes have much higher temperature and much smaller entropy. Thus,
2-2-holes for this case are no longer entropically favorable and their stability needs to be checked
dynamically. Note that (4) satisfies T∞S = TBHSBH = M/2 and is consistent with the first law
of thermodynamics. This implies U = 3M/8 for the gas energy, meaning that a sizable fraction
of the physical mass for the hole comes from the gas source.
In the small-mass range, we find the leading-order approximation for the temperature and
entropy,2
T∞ ≈ 0.39N−1/4Mˆ−3/2min ∆M
(
ln
Mmin
∆M
)7/4
, S ≈ 3.4N 1/4Mˆ3/2min
(
ln
Mmin
∆M
)−3/4
. (5)
A small 2-2-hole has a positive heat capacity and behaves more like a classical thermodynamic
system. In the limit ∆M → 0, the temperature approaches zero almost linearly in ∆M ,
while the entropy has a logarithmic dependence and decreases much slower. The energy is
then dominated by the gravitational field, with negligible contribution from the gas. The
approximation can be further improved by adding the next-to-leading-order contribution,
T∞ ≈ 0.39N−1/4Mˆ−3/2min ∆M
[
ln
Mmin
∆M
− ln
(
ln
Mmin
∆M
)3/2
+ 0.17
]7/4
,
S ≈ 3.4N 1/4Mˆ3/2min
[
ln
Mmin
∆M
− ln
(
ln
Mmin
∆M
)3/2
+ 0.17
]−3/4
. (6)
As we can see in Fig. 2, with the large-mass approximation (4) applied to M & Mpeak and
the small-mass one (6) applied to M . Mpeak, the analytical estimations turn out to be quite
accurate for the whole mass range, including the estimation in the intermediate region around
the temperature peak with
T∞,peak ≈ 0.050mPlN−1/4Mˆ−1/2min at Mpeak ≈ 1.2Mmin . (7)
Therefore, although the 2-2-hole solution can only be found numerically, its properties can be
expressed in quite simple forms.
It is instructive to compare thermal 2-2-holes to extremal black holes. In the extremal limit,
the black hole surface gravity, hence the temperature, approaches zero. So a near-extremal black
hole would have suppressed thermal emission rate and may serve as a remnant. In reality, there
are complications from non-thermal emission. For example, the Reissner-Nordstrom black hole
can emit electrons and positrons due to Schwinger effects. This process tends to discharge the
black hole and spoils the possibility for it to be stable or long-lived. To make it relevant, a
special arrangement of the matter sector is needed. For example, [29] introduces a new dark
charge with the lightest charged particle being heavy enough for the non-thermal emission from
the charged black hole to be largely suppressed. Evidently, in comparison to extremal black
2In the small mass limit, the tiny change of mass ∆M is hard to identify numerically. Instead, it can be
found from the temperature and entropy by using the first law of thermodynamics, dM = T∞dS [28].
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holes, the stabilization mechanism for a 2-2-hole is more fundamental and less contrived. The
temperature for a charged Reissner-Nordstrom black hole is,
T∞ =
m2Pl
2pi
√
M2 −M2min(
M +
√
M2 −M2min
)2 . (8)
Mmin denotes the mass in the extremal limit, i.e. Mmin = QmPl. The green dotted line in Fig. 2
shows the combination MˆminT∞/mPl for this case. For a given mass in the small-mass regime, a
2-2-hole has a lower temperature and a smaller radiation power. We also note that the entropy
of an extremal black hole has not been fully understood. The semiclassical methods suggest
vanishing entropy in the extremal limit, while the string theory calculations find a non-zero
value in line with the Bekenstein-Hawking formula. A possible resolution of the discrepancy is
discussed in [30]. Therefore, while entropy remains mysterious for an evaporating black hole,
it is clear that entropy and information can simply escape from an evaporating 2-2-hole.
2.2 Evaporation
A thermal 2-2-hole will radiate if it is hotter than the cosmic microwave background. Its mass
evolution due to radiation can be described by the Stefan-Boltzmann law, with the power given
as
− dM
dt
≈ pi
2
120
N∗ 4pir2H T 4∞ , (9)
which assumes 4pir2H as the effective emitted area. As in the case of black holes, an effective
potential barrier in the exterior region modifies the power spectrum and yields a frequency-
dependent absorption cross section. For the large-mass case where T∞rH & 1, the cross section
is roughly a constant and emission can be well described by the black body radiation with an
emitted area slightly larger than the would-be horizon one. For the small-mass case, T∞rH can
be much smaller than unity, and the emission is suppressed by the potential barrier with the
effective emitted area being also much smaller. As horizonless objects, 2-2-holes exhibit distinct
behavior at low frequencies, and the suppression for small T∞rH deserves further study.3 In this
paper, we restrict ourselves to the simple form in (9), which provides a conservative order of
magnitude estimates for the low energy emission from small 2-2-holes. N∗ denotes the number
of relativistic degrees of freedom for the radiation [32]. It includes particles lighter than T∞
and it could be much smaller than N for the thermal gas in the interior. For simplicity we
treat N∗ as a constant and ignore its temperature dependence.
Due to the mass dependence of temperature being very different in the large-mass and
small-mass ranges, the evaporation of a 2-2-hole can be separated into two different stages. For
a large 2-2-hole, the power increases as the object shrinks. As for a black hole, this is due to
the negative heat capacity. For a small 2-2-hole, the power drops fast with decreasing mass
and approaches zero when M →Mmin. It then behaves as a slowly decaying cold remnant with
mass well approximated by Mmin. When ∆M  Mmin, the remnant radiates so slowly that it
3With a reflective boundary condition at the origin, the 2-2-hole features long-lived quasi-normal modes at
low frequencies, corresponding to narrow resonance peaks in the spectrum. These resonances have been studied
for large 2-2-holes, the features of which determine the signal of gravitational wave echoes generated by the
binary merger [31]. We leave the corresponding discussion of 2-2-hole remnants for future work.
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appears stable for the age of the universe and can serve as a candidate for dark matter. If the
initial mass Minit of a primordial 2-2-hole at formation satisfies Minit & Mpeak, the early and
late stages of evaporation are governed by the large-mass and small-mass phases respectively.
In the large-mass stage, substituting T∞(M) in (4) into (9), the time it takes for a 2-2-hole
to evolve from Minit to M & Mpeak is ∆t ≡ t − tinit = 3.8 × 103N N−1∗ Mˆ−2min `4Pl (M3init −M3).
The time spent in the whole range of the large-mass stage, τL ≡ tpeak − tinit, is then
τL ≈ N N∗−1Mˆ−2min
(
Minit
3.7× 108 g
)3
s ≈ N N∗−1Mˆ−1/2min
(
4.8× 104GeV
N 1/4 T∞,init
)3
s . (10)
The time dependences of the temperature and mass take the same form as a black hole,
T∞(t) ≈ T∞,init
(
1− ∆t
τL
)−1/3
, M(t) ≈Minit
(
1− ∆t
τL
)1/3
. (11)
In comparison to a primordial black hole with the lifetime τBH = τL, the time dependence differs
only by an overall constant. Substituting Minit and T∞,init as functions of τL, (11) becomes
T∞(t) ≈ 1.1mPlN 1/12N∗−1/3Mˆ−1/6min
(
τL −∆t
`Pl
)−1/3
,
M(t) ≈ 0.064mPlN−1/3N∗1/3Mˆ2/3min
(
τL −∆t
`Pl
)1/3
, (12)
where we can see the explicit Mmin dependence.
In the small-mass stage, we use the leading order approximation in (5) to find the time
dependence of the temperature. Rewriting (9) as the following,
dT∞
dt
= − pi
2
120
N∗ 4pir2H T 4∞
dT∞
dM
≈ −2pi
3
15
0.4N−1/4N∗ Mˆ1/2min T 4∞ `2Pl
(
ln
`Pl
T∞
)7/4
, (13)
we obtain, at the leading order,
T∞(t) ≈ 1.1mPlN 1/12N∗−1/3Mˆ−1/6min
(
∆t− τL
`Pl
)−1/3(
ln
∆t− τL
`Pl Mˆmin
)−7/12
. (14)
The behavior of the tiny mass difference with the minimum value ∆M(t) can be found from
(5) and (14) as
∆M(t) ≈ 19mPlN 1/3N∗−1/3Mˆ4/3min
(
∆t− τL
`Pl
)−1/3(
ln
∆t− τL
`Pl Mˆmin
)−7/3
. (15)
Compared to a near-extremal black hole with temperature T∞ ∝ (Mmin/t)1/2 [29], the 2-2-
hole remnant has T∞ ∝ M−1/6min t−1/3, which decreases more slowly with time and decreases for
increasing remnant mass.
Fig. 3 compares the numerical and analytical results for the temperature of a 2-2-hole as
a function of time. At early times, the temperature changes very slowly with time for a long
period. For t . tpeak, it is well approximated by the large-mass analytical results (12) as given
9
○
○○
○○
○○○
○○○○○●●●●●●●
104 106 108 1010
10-4
0.001
0.010
0.100
Δt / lPl /M min
T∞ *1/3-1/12M min1/2 /mPl
○○○
○○○
○○○●●●●●●
1.82×106 1.88×106
0.01
0.03
0.05
Figure 3: The 2-2-hole temperature T∞ as function of ∆t for Minit/Mmin = 10. The dots
denote the numerical results and the blue and red lines are analytical approximations (12) and
(14). The inset shows the peak shape around ∆t ≈ τL with the linear scale.
by the blue line. The temperature drops right after tpeak and approaches the late-time behavior
that is insensitive to Minit and determined solely by Mmin. This part is well described by the
small-mass approximation (14), as given by the red dotted line. From the inset plot, we can see
that the analytical approximations become worse only in a quite narrow range around the peak
temperature. Since temperature of the remnant falls rapidly below the initial value, radiation
from the 2-2-hole remnant quickly becomes negligible in comparison to its early-time radiation.
We also need to compare the 2-2-hole temperature T∞ with the cosmic background temper-
ature Tbkg. The cosmic temperature drops faster with time than the remnant temperature, i.e.
Tbkg ∝ t−1/2 (t−2/3) in the radiation (matter) era in comparison to T∞ ∝ t−1/3 in (14). Thus,
accretion of cosmic radiation onto primordial 2-2-holes need only be considered at the earliest
times after formation when Tbkg > T∞. Assuming formation in the radiation era as in Sec. 4,
we find that the growth in the mass is at most of order one and the influence on τL is negligible.
3 Present epoch observations for 2-2-hole remnants
Our interest in this paper is primordial 2-2-holes that have already become remnants today,
i.e. τL . t0 ≈ 4.3 × 1017 s (the age of the universe). Being insensitive to details of the
formation, observations for the remnants at the present epoch can be used to probe the remnant
mass, which in turn is related to the fundamental mass scale Mmin in quadratic gravity. This
mass has a theoretical lower bound, Mmin & 0.63mPl, corresponding to the strong coupling
scenario. Considering the precise solar system test of GR, there is a rough upper bound
Mmin . 1033 g ∼M, by requiring that the Compton wavelength λ2 be no larger than O(km).
An isolated remnant could be detected through its gravitational interaction in the same way as
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a PHB.4 The parameter space starts to be constrained for Mmin & 1017 g, with some examples
summarized in Fig. 8. Thus only smaller remnants with feeble gravitational interactions are
able to constitute the entirety of dark matter.
Possible thermal radiation from isolated 2-2-hole remnants is expected to be weak. A
conservative estimation in Appendix B shows that the remnant radiation with the dark matter
abundance can safely evade BBN, CMB constraints as well as measurements for the diffuse
photon flux at present. On the other hand, if two remnants form a binary and merge, then
the merger product is hot and this can produce spectacular radiation. In this section we
study the high-energy particle emission from this process, which is better understood for 2-2-
holes than for black hole remnants of ad-hoc nature [29, 33]. The corresponding experimental
constraints turn out to be significant. This opens a new window onto small size dark matter
that only interacts gravitationally with normal matter. The latter is usually considered to be
the untestable nightmare scenario.
3.1 High-energy particles from binary mergers
As we can see in Fig. 2, a 2-2-hole remnant can be pushed away from the remnant stage if it is
able to absorb sufficient mass. The merger of two 2-2-hole remnants or the accretion of ordinary
matter onto a remnant can both contribute. Larger remnants that accrete matter more easily
have already been strongly constrained by their gravitational interactions. Smaller remnants,
on the other hand, may have a cross section with normal matter that is too small. The more
likely mechanism is instead the merger of two remnants after forming a gravitationally bound
state. After reaching equilibrium, the merger product would acquire a high temperature and
radiate away the absorbed mass within a short time. This process provides a significant source
of high-energy astrophysical particles, as we will show below by calculating the flux.
The binary merger of 2-2-hole remnants generates a 2-2-hole withMmerger ≈ 2Mmin > Mpeak.
The structure of a 2-2-hole with this mass is explicitly displayed in Appendix A. From the
analytical approximation for the large-mass cases (4), the merger product has
T∞,merger = 3.4× 10−2mPlN−1/4Mˆ−1/2min = 1.9× 1015N−1/4
(
Mmin
g
)−1/2
GeV . (16)
As approximated by the temperature, the average energy of emitted particles drops as Mmin
increases and it spans a wide range of values. For a Planck mass remnant, the particles could
have roughly the Planck energy, whereas for a large remnant with Mmin ∼ 1023 g, the energy is
around TeV scale. With the lifetime being much smaller than a second for this mass range, it
is assured that such mergers release their significant amount of excess energy almost instantly
to get back to the remnant phase.
Observations in high-energy cosmic rays, gamma rays and neutrinos turn out to probe
energies that are quite appropriate for the high-energy particle flux from mergers and can
be used to constrain the fundamental scale Mmin in the theory. Ultra-high energy cosmic
rays with energy beyond the GZK cut-off have long been observed. But a clear high-energy
suppression around 1011GeV is now seen in the latest observations, and the need for new physics
4Most of these studies assume a Newtonian force for the object, so a 2-2-hole remnant that deviates at
r ∼ O(rH) still appears indistinguishable from a black hole.
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explanations is no longer as strongly motivated. Recently the photon flux around the same
energy has also been measured with improved precision. High-energy neutrino experiments, on
the other hand, probe a much wider energy range from 103GeV to 1016GeV.
Notice that we are dealing with high energy emissions up to the Planck scale, where the
strengths of both electroweak interaction and strong interaction could be sizable. Therefore,
rather than a small number of very energetic particles as characterized by the temperature, the
flux generally receives the dominant contribution from high multiplicity final states with a broad
energy spectrum. These are generalized parton showers of highly off-shell initial particles and
they have been studied in detail for the super-heavy particle decay [34, 35]. The fragmentation
of initial quarks or gluons generates nucleons, and then photons and neutrinos from decay of
hadrons. Initial particles with only the electroweak charges can also initiate showers, depending
on the strength of relevant couplings. A thorough study of the high-energy particle spectrum
for the 2-2-hole evaporation is beyond the scope of this paper. Instead, we first estimate the
neutrino flux by assuming only direct on-shell production, given that the shower spectrum of
neutrinos peaks around the maximum energies [34]. This already strongly bounds Mmin to be
much smaller than the range accessible by the conventional PBH searches. Then we study the
contribution from showers of initial quarks to cosmic ray, gamma ray and neutrino fluxes, and
this limits the size of Mmin even further. As we will see, depending on fragmentation functions
at small energies, the current experiments are not far from detecting the small flux from even
a Planck mass remnant.
The neutrino flux from binary mergers of 2-2-hole remnants in the Milky way can be esti-
mated as
Φν =
D
2Mmin
dNν
dEνdt
. (17)
The solid-angle-averaged D-factor, used as in the case for dark matter decay, is given as [36]
D = f
4pi
∫
ρDM (r(s),Ω) ds dΩ , (18)
where f ≡ ρ(t0)/ρDM(t0) denotes the mass fraction of 2-2-hole remnants in dark matter at
present. The integral is taken along the line of sight, with dΩ = cos b db dl and r2 = s2 +
R2 − 2sR cos b cos l in spherical heliocentric coordinates. Here, −pi/2 6 b 6 pi/2 and 0 6
l 6 2pi are the galactic latitudinal and longitudinal angles respectively, R is the distance
of the Sun to the center of the galaxy, s is the line of sight distance, and 0 . r . 100 kpc
denotes the distance to the galactic center. Using the Einasto density profile for the Milky
way, ρDM(r) = ρs exp(− 2α [(r/rs)α−1]), with ρs = 0.077 GeV/cm3 = 0.002M/pc3, rs = 20 kpc,
R = 8.0 kpc, and α = 0.17 [37], we find that D ≈ (0.04 f) g cm−2 sr−1. The uncertainty from
choosing different density profiles [38, 39], sizes of the halo [40] or smaller ranges of b as for
some experiments is less than 10%, and this remains insignificant in our analysis.
The neutrino emission rate from the discharge of the excess energy, in the amount of one
remnant mass, is roughly
dNν
dEνdt
≈ ηνMmin〈Eν〉2 Γ , (19)
where we approximate the spectrum by on-shell emission at the average energy 〈Eν〉 ≈ 4.2
T∞,merger. Here, ην ≈ 0.058 denotes the fraction of the total energy as neutrinos for the Standard
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Model [32], which can be smaller if there are new active particles. ηνMmin/〈Eν〉 then gives
roughly the number of neutrinos emitted from one merger event, which increases with the
minimal mass as M3/2min. Γ denotes the merger rate for 2-2-hole remnants, and is a function of f
and Mmin. The quantity used to compare with experimental data is the following,
E2ν Φν ≈
1
2
ην D Γ ≈ 6.5× 1020f Γs−1 GeV cm
−2 s−1 sr−1 , (20)
which shows no explicit dependence on 〈Eν〉 and Mmin other than in the merger rate.
For the estimate of the merger rate Γ, we make use of the fact that 2-2-holes are like PBHs
in forming gravitationally bound binaries [41].5 In the early universe, this can happen after
the 2-2-holes have decoupled from the cosmic expansion. Binaries with high eccentricities then
contribute to the merger rate today. At the present epoch, binaries can form due to accidental
encounters in a halo, with the rate enhanced by a small relative velocity. It has been found
that formation in the early universe is the dominant scenario. As suggested recently in [42, 43],
earlier studies might overestimate this merger rate by ignoring disruptions of the binaries from
nearby holes, especially when they constitute a significant fraction of dark matter. In the case
of disruption, the total rate includes contributions from the non-perturbed binaries and the
perturbed ones Γ = ΓnpPnp + Γp, where Pnp is the fraction of binaries remaining unperturbed.
From the total rate per volume given in [43], we find
Γnp = 4.7× 10−26
(
1 + 5.8× 10−5f−2)−21/74 f 16/37(Mmin
g
)5/37(
t
t0
)−34/37
s−1 ,
Γp =
 Γ
(1)
p = 4.7× 10−32 f 214/259
(
Mmin
g
)10/37 (
t
t0
)−6/7
s−1 ,
Γ
(2)
p = 4.0× 10−37 f 358/259
(
Mmin
g
)15/37 (
t
t0
)−5/7
s−1 .
(21)
The disruption effects come into play for f & 4 × 10−3, in which case the fitted relation
Pnp ≈ 8.2 × 10−3f−4/5 can be obtained; otherwise the no-disruption case is recovered with
Pnp ≈ 1. The rate for perturbed binaries is bounded above and below by Γ(1)p and Γ(2)p in (21).
The comparison between the experimental data of high-energy neutrino flux and the on-
shell production of neutrinos from the 2-2-hole binary mergers is displayed in Fig. 4, assuming
f = 1 and N ≈ 107. The experimental upper bounds for energies 107GeV–1016GeV were
obtained from lack of signals [44–47] , whereas the IceCube data for energies 103GeV–107GeV
represent the detected signals [48–50].6 In order to see uncertainties associated with the merger
rate, we show in Fig. 4 the theoretical predictions for Γnp, ΓnpPnp and the band of Γp. The
2-2-hole contribution increases withMmin due to theMmin dependence in the merger rate. With
no disruption (dashed line), the 2-2-hole prediction with the dark matter abundance exceeds
experimental upper bounds at all available energies, so only Mmin . 0.1 g is viable given the
bound from the conventional PBH searches. After taking into account the suppression from
disruption, with the merger rate still dominated by the non-perturbed binaries (solid line), the
constraint is considerably relaxed and the 2-2-hole remnants with Mmin & 105 g are excluded.
5We assume that the 2-2-hole has already become a remnant at the time of binary formation, and so further
evaporation has no influence on the merger rate estimation for PBHs.
6Translating the detected signals from IceCube into bounds on the flux have large uncertainties [49] that we
do not show in Fig. 8.
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Figure 4: The neutrino flux from direct on-shell production for binary mergers of 2-2-hole
remnants with f = 1 and different estimations of the merger rate. In the case with disruption,
the dominant contribution comes from non-perturbed binaries (solid line), with a suppressed
rate in comparison to the earlier no-disruption estimation (dashed line). For a given Mmin, the
energy is approximated by the average value 〈Eν〉 ≈ 4.2T∞,merger. Colored solid lines represent
the experimental upper bounds on the neutrino flux from [44] (NuMoon-WSRT-2010), [45]
(ANITA-2019), [46] (ANITA-2010), [47] (IceCube-2018), whereas the close symbols denote the
observed signals from [48, 49] (IceCube-2015), and [50] (IceCube-2014).
We next consider showers of the highly off-shell initial quarks (initial gluons are ten times
less abundant). The flux of proton, photon, neutrino can then be well approximated by the
flux of initial quarks multiplied with the fragmentation function Djq(x), j = p, γ, ν. For the
quantities of interest, we have
E2j Φj =
D
2Mmin
[
E2q
dNq
dEqdt
] [
x2Djq(x)
]
x=Ej/Eq
≈ 1
2
ηq D Γ
[
x2Djq(x)
]
x=Ej/〈Eq〉
(22)
for the galactic contribution, where 〈Eq〉 ≈ 4.2T∞,merger and ηq ≈ 0.67. For a given Mmin, the
shower generates a broad spectrum extending below 〈Eq〉. The explicit shape of the distribution
depends on the coupling strength at high energy, and it becomes skewed more towards small x
for a larger coupling.
An extragalactic flux from merger products generated at an earlier time also needs to be
included in the case of neutrinos, due to their negligible interaction with background photons
as they propagate through the universe. The present flux can be defined as [4]
ΦEGν =
c
4pi
nν
Eν
=
c
4pi
n(t0)
Eν
∫ t0
tmin
Eν(t)
dNν
dEνdt
e−Sν(Eν(t),z) dt , (23)
where Eν = Eν(t)/(1 + z(t)) is the redshifted energy. nν is the number density of neutrinos at
present, where emissions extending back to tmin (such that Eν(tmin) = 〈Eq〉) are summed up for
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a given Eν . Sν(E, z) denotes the neutrino opacity of the Universe that increases with E and
z [51]. The quantity of interest is then given as
E2ν Φ
EG
ν ≈
c
4pi
f ρDM(t0) ηq
Eν
〈Eq〉
∫ t0
tmin
Γ
[
xDνq (x)
]
x=Eν(t)/〈Eq〉
e−Sν(Eν(t),z(t)) , (24)
where the merger rate Γ is given in (21) and increases back in time. We find that the extra-
galactic flux at Eν  〈Eq〉 could be a few times larger than the galactic one.
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Figure 5: The proton flux (black dashed line), photon flux (black solid line), neutrino flux (black
dotdashed line) from parton shower of initial quarks emission for binary mergers of 2-2-hole
remnants, with Mmin = mPl, f = 1 and Γ = ΓnpPnp. Extragalactic contribution is included
for the neutrino flux. Colored solid lines (without symbols) are upper bounds from neutrino
experiments as in Fig. 4. Solid lines with symbols denote constraints on the diffuse photon
flux from [52] (Auger-2016) and [53] (TA-2018). Open symbols show the observed signals of
high-energy comic rays from [54] (Auger-2013) and [55] (TA-2013).
Fig. 5 compares the experimental data for high-energy particle flux with the parton-shower
prediction from a Planck mass remnant. It is important to note that the quantity E2j Φj in-
creases withMmin for a given x due to theMmin dependence in the merger rate. For illustration,
we use the fragmentation function in ordinary QCD, where the numerical results [35] and an
analytical approximation [34] are used for the large and small x respectively.7 Given the domi-
nance of pions in the parton shower, there are many more photons and neutrinos than protons
due to pion decay. The latest observations for the diffuse photon flux around 1011GeV impose
the strongest constraint. 2-2-hole remnants with Mmin & 10mPl are excluded from being the
entirety of dark matter. This bound relies on the fragmentation function within a narrow range
7The numerical results for 10−5 . x < 1 are found by two methods (a Monte Carlo simulation and the
evolution based on the DGLAP equations) that agree well. At very small x, a modified leading log approximation
is used to account for the color coherence effects. Its normalization is determined by matching with the numerical
results at x0 ∼ 10−3–10−4, with both the function and its first derivative being continuous.
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of quite small x, i.e. 10−9 . x . 10−7, and this brings in theoretical uncertainties. The obser-
vations for neutrinos from showers have poorer sensitivities, and can only exclude Mmin larger
than 1 g. But this bound comes from a wider range of energy, and is more robust against the
variation of the distributions. The cosmic ray data could also provide a potentially interesting
constraint. But this data has quite large uncertainties, in particular for the mass composition,
and we do not consider it.
There is another effect involving the fragmentation function that is special to 2-2-holes. The
shower may be occurring in the deep gravitational potential well within the would-be horizon,
which thus implies blue-shifted energies. This reduces the couplings in the shower and gives
additional suppression for the flux at lower energy. Further studies are required for a more
conclusive analysis of the viable parameter space. Overall, we can see the complementarity
between different observations in probing the small-mass range for the 2-2-hole remnant.
4 Early-universe constraints for primordial 2-2-holes
Primordial thermal 2-2-holes, just like PBHs, can form in the early universe when parts of
the universe stop expanding and re-collapse, either due to density inhomogeneities seeded by
inflation or due to a first order phase transition. In this paper, we focus on formation due to
density inhomogeneities in the radiation era. The initial mass for the 2-2-hole Minit can be no
larger than the horizon mass 1/2H(tinit) ≈ 4×1038 (tinit/s) g at the time of formation tinit. The
horizon mass ranges from ∼ 1 g at the end of inflation if the reheating temperature is no larger
than 1016GeV [9], to ∼ 1050 g at matter-radiation equality.
It should be typical for 2-2-holes to be formed with the initial mass Minit much larger
than Mmin. The phenomenology then strongly depends on the duration of the early stage of
evaporation τL, as given in (10). For later discussion, it is convenient to define the following
critical masses for Minit,
(Muni, Mrec, MBBN) =
(
2.8× 1014, 8.8× 1012, 3.7× 108) Mˆ2/3min N−1/3N∗1/3 g , (25)
corresponding to τL ≈ t0, 1013 s (recombination), 1 s (BBN). Note that in the strong coupling
scenario the mass values above are comparable to those for PBHs, while they can be much
larger in the weak coupling scenario given the Mˆ2/3min dependence. The mass range of interest in
this paper is then Minit . Muni, where the primordial 2-2-hole has already become a remnant
at present. The hole with larger Minit stays more or less the same as it was at its formation
over the history of the universe, and such holes, like PBHs, have already been constrained by
their gravitational interactions.
In this section, assuming a monochromatic mass spectrum, we discuss the early-universe
constraints in terms of the formation mass Minit for a given remnant mass Mmin. We study
the requirement of the dark matter relic abundance in Sec. 4.1. The mass fraction of 2-2-
holes at the present epoch turns out to have a maximum as a function of Minit. This in turn
imposes an upper bound Minit . MDM (see (34) below) if the 2-2-hole remnants constitute
all of dark matter. Constraints from the BBN and the cosmic microwave background (CMB)
observations are explored in Sec. 4.2 and Sec. 4.3. When MBBN .Minit .Mrec, the object is in
the early stage of evaporation at the BBN epoch or afterwards. The radiation is then strongly
constrained by the relic abundance of light elements. For Minit .MBBN or Minit &Mrec, there
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are constraints from the baryon-to-photon ratio or the CMB anisotropies. A large portion of
the mass range relevant to BBN and CMB turns out to be larger than MDM. The observations
then constrain the parameter space when an explanation of dark matter is absent.
4.1 Dark matter relic abundance
We start with the cosmic evolution of primordial ultracompact objects. The following discussion
applies to both PBHs and 2-2-holes unless otherwise specified.
The mass fraction of primordial objects at formation in the radiation era is
β ≡ ρ(tinit)
ρtot(tinit)
=
4M(tinit)n(tinit)
3T (tinit) s(tinit)
= 2.5 g1/4∗ γ
−1/2 Mˆ3/2init
n(tinit)
s(tinit)
, (26)
where Mˆinit ≡Minit/mPl. ρ(t), n(t) denote the energy density and number density for primordial
objects, and ρtot(tinit) ≈ ρrad(tinit) for β of interest. For the last expression, we use T (t) =
0.55mPl g
−1/4
∗ (t/`Pl)−1/2 and Minit ≈ 4× 1038γ (tinit/s) g. γ denotes the fraction of the horizon
mass that enters into the 2-2-hole. A typical value is γ ≈ 0.2, but this is quite uncertain [4].
As we will see below, observations are determined by the number density to entropy density
ratio n(tinit)/s(tinit), namely, the combination β γ1/2g
−1/4
∗ , which is insensitive to γ.
The mass fraction of primordial objects in dark matter at present is,
f =
M(t0)n(t0)
ρDM(t0)
=
M(t0) s(t0)
ρDM(t0)
n(t0)
s(t0)
, (27)
where s(t0) = 2.9 × 103 cm−3, ρDM(t0) ≈ 0.26ρc, ρc = 9.5 × 10−30 g cm−3. M(t0) is Minit for
the large-mass case with negligible evaporating rate, and M(t0) is Mmin for the small-mass case
where a remnant is left behind.
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Figure 6: Time evolution for the fractions of energy densities for radiation (red) and primordial
2-2-hole with Mmin = mPl, Minit = 103 g (blue). (a) n(tinit) < nc(tinit), the 2-2-hole density
never dominates before teva and the remnants constitute all of dark matter at present. (b)
n(tinit) > nc(tinit), the 2-2-hole density becomes dominant before teva and too many remnants
are left behind with Minit < MDM in this example.
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After formation the mass fraction of primordial objects increases with time. As M(t) varies
slowly with time in comparison to other quantities at both early and late time, we approximate
the evaporation as an instantaneous radiation of energy at teva ≡ tinit + τL ≈ τL (or τBH) for
the cosmic evolution studies in this subsection. Thus, we use M(t) ≈ Minit at t ≤ teva and
M(t) ≈Mmin at t > teva. It is then convenient to define a critical number density at formation,
nc(tinit) =
ρtot(tinit)
Minit
√
tinit
teva
, (28)
which corresponds to the equality of energy densities ρ = ρrad at teva for a given Minit. When
n(tinit) . nc(tinit), the primordial objects are always subdominant in the energy budget before
the instantaneous evaporation. The entropy injection from evaporation is then negligible, and
n(t)/s(t) remains constant till the present. In this case, the mass fraction for the remnant at
present f is related to the number density at formation with n(t0)/s(t0) = n(tinit)/s(tinit),
f = 2.6× 1028Mˆminn(tinit)
s(tinit)
. (29)
In comparison to large PBHs, it receives a suppression factor of Mmin/Minit. Fig. 6 (a) shows
the time variation of energy densities in this case and for f = 1.
For the other case with n(tinit) & nc(tinit), the primordial objects become dominant at some
earlier time tdom ≈ tinit ρ2tot(tinit)/(Minit n(tinit))2, and there is a new era of matter domination
for tdom < t < teva. This introduces an extra redshift of the number density,
n(teva) ≈ n(tinit)
(
teva
tdom
)−2(
tdom
tinit
)−3/2
=
ρtot(tinit)
Minit
(
teva
tinit
)−2
= nc(tinit)
(
teva
tinit
)−3/2
, (30)
which cancels with the enhancement from n(tinit)/nc(tinit) so that n(teva) remains the same as
the one with nc(tinit). To find the mass fraction at present f ∝ n(t0)/s(t0) = n(teva)/s(teva),
we also need the entropy density after evaporation, as given dominantly by radiation from
primordial objects,
s(teva) ≈ N 1/4∗ ρ3/4(teva) = N 1/4∗
(
ρtot(tinit)t
2
initt
−2
eva
)3/4 ≈ 0.07N 1/4∗ (teva`Pl)−3/2 . (31)
This can be compared with the entropy density without the dominance of primordial objects,
s(teva) ≈ g1/4∗ ρ3/4rad(teva) = g1/4∗
(
ρrad(tinit)t
2
initt
−2
eva
)3/4 ≈ 0.07 g1/4∗ (teva`Pl)−3/2 . (32)
The two differ only by a factor of the number of degrees of freedom, where N∗ ≥ g∗ due to the
possibly new particle species from primordial objects radiation. Therefore, the mass fraction at
present has a maximum fmax as given by (29) with n(tinit) = nc(tinit), and f ≈ fmax (g∗/N∗)1/4
when the primordial objects actually dominate.
For the 2-2-hole, with τL in (10), we obtain the maximal mass fraction as
fmax = 2.6× 1028Mˆminnc(tinit)
s(tinit)
≈ 1.7× 1026N−1/2N 1/2∗ g−1/4∗ Mˆ2minMˆ−5/2init . (33)
For a given Mmin, having the 2-2-hole remnant to account for all of dark matter then requires
fmax to be greater than unity. This imposes an upper bound on the initial mass as
Minit .MDM ≡ 6.8× 105 Mˆ4/5min N−1/5N 1/5∗ g−1/10∗ g . (34)
18
In comparison to PBHs, the bound is relaxed if Mˆmin is large as for the weak coupling scenario.
If 2-2-holes dominate before teva, then the bound on Minit needs to be saturated, up to the
g∗/N∗ factor. Fig. 6 (b) shows the time variation of energy densities for an example with
2-2-hole dominance and where Minit is too small.
4.2 BBN constraints
The investigation of the effects of 2-2-hole evaporation on BBN can be tied to the analyses of
PBHs evaporation that has been a subject of heavy interest in the literature [4, 56–60]. We first
briefly review the analysis for PBHs. The emitted particles can affect BBN in several ways [4].
First, high energy mesons with long enough lifetime scatter off the ambient nucleons inducing
additional interconversion between protons and neutrons, changing the freeze-out value of n/p
for t ∼ 10−2–102 s. Second, high energy hadrons disassociate background nuclei, predominantly
4He, thus reducing its abundance and increasing the abundance of D, T, 3He, 6Li, and 7Li for
t ∼ 102–104 s. Finally, high energy photons generated indirectly through scattering involving
the initial high energy quarks and gluons cause further disassociation of 4He and enhance the
abundance of the lighter elements for t ∼ 104–1012 s. The time evolution of number densities
are governed by the Boltzmann equation [60]
dni
dt
+ 3H(t)ni =
[
dni
dt
]
SBBN
−
∑
proc.
Γh(t)Ki , (35)
where i denotes the particle species (n, p, D, T, 3He, 4He, 6Li, 7Li). The first term on the
right-hand side denotes the contribution from the standard BBN scenario, and the second one
sums over the available processes relevant to PBHs evaporation. Ki is the average number
of interactions with background per emission for the relevant process, and Γh(t) denotes the
emission rate for hadronic particles,
Γh(t) = Bh n(t)
1
〈Eh(t)〉
dM
dt
, (36)
where Bh is the hadronic branching ratio and 〈Eh(t)〉 is roughly T∞(t) up to an O(1) factor.
Since the effects of radiating holes on the BBN processes are directly proportional to the
emission rate Γh(t), constraints on the mass fraction of primordial 2-2-holes can be inferred from
the analysis performed for PBHs [4] by computing the ratio Γh,BH/Γh,22. During the relevant
time-period, i.e. 10−2 s . t . 1012 s, 2-2-holes with MBBN . Minit . Mrec remain at the early
stage and produce radiation much like PBHs. As from (11), if we compare the 2-2-hole in this
stage to black hole with τL = τBH, Γi only differs by a overall constant and ΓBH/Γ22 is time
independent. Radiation from the remnant stage is much weaker and can be safely ignored.
Therefore, BBN constraints for 2-2-holes can be found by a simple scaling of the correspond-
ing constraints for PBHs with an appropriate choice of masses. Given τL = τBH, objects used
for rescaling have different initial masses M22init = A4/3MBHinit , where A ≡ 1.7 N−1/4 Mˆ1/2min is the
factor that appears in T∞ in (4). Using (36), we obtain the ratio of the emission rates as
Γh,22
Γh,BH
=
(BhN∗)22
(BhN∗)BH
n22(t)
nBH(t)
A5/3 . (37)
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The factor BhN∗ denotes the number of active hadronic degrees of freedom, which depends on
the temperature. As we can see from (10), 2-2-holes with τL = τBH have lower temperature for
larger Mmin. Thus, (BhN∗)22 will in general be smaller than its counterpart for the black-hole
case. Assuming Γh,BH = Γh,22, we obtain the following relation,
n22(tinit)
s(tinit)
=
nBH(tinit)
s(tinit)
(BhN∗)BH
(BhN∗)22
A−5/3 ≈ 0.4
(
Mˆ22init
)−3/2
βBH γ
1/2g−1/4∗ A
1/3 , (38)
given (26) and n(t)/s(t) = n(tinit)/s(tinit). In the last expression, we convert the ratio of the
number density to entropy density for black holes to the quantity βBH γ1/2g
−1/4
∗ , for which
the latest constraints are given in [4]. We also assume (BhN∗)22 ≈ (BhN∗)BH for simplicity.
This leads to a conservative upper bound for 2-2-holes. In comparison to PBHs case, this
conservative constraint already enjoys some relaxation for larger Mmin with A  1. It could
be further relaxed if (BhN∗)22 becomes considerably smaller at lower temperature.
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Figure 7: BBN constraints (solid lines) on the present mass fraction of 2-2-hole remnants in
dark matter f = ρ(t0)/ρDM(t0), for two benchmark values of Mmin. The 2-2-holes in this case
are in the early-radiation stage during BBN epoch (MBBN . Minit . Mrec). The dashed line
represents the maximum value of f as given in (33).
The constraints turn out to be so strong that 2-2-holes cannot dominate the energy density
before teva, i.e. n(tinit) < nc(tinit) as defined in Sec. 4.1. Thus the upper bound on the mass
fraction at present can be found by using (29),
f22 ≈ A−5/3fBH , (39)
where BBN puts stronger constraints for 2-2 hole remnants in comparison to a PBH remnant
with the mass Mmin. The constraints are displayed in Fig. 7, assuming N ≈ 107. The dashed
line on each panel shows the maximal mass fraction fmax in (33) as derived from the cosmic
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evolution. For smaller Mmin, say in Fig. 7a, fmax < 1 for Minit relevant for BBN constraints,
and 2-2-hole cannot constitute all of dark matter independent of the BBN observations. It is
for largerMmin, as in Fig. 7b, that there is a small region with fmax > 1 being excluded directly
by the BBN observations.
4.3 CMB constraints
Depending on the mass, the evaporation of 2-2-holes may influence the CMB observations in
various different ways, as in the case for PBHs.
For Minit . MBBN, photons emitted before BBN are completely thermalized and only con-
tribute to the density of background radiation. If the baryon asymmetry is generated purely
in the early universe, the observed baryon-to-photon ratio could be used to impose an upper
bound on the entropy injection from the 2-2-hole dominant phase [61]. The baryon number
density is bounded from above by the radiation density right before the final evaporation, i.e.
nB(teva) . g1/4∗ ρ3/4rad(teva) with ρrad(teva) ≈ 0.03 (teva`Pl)−2(teva/tdom)−2/3, while the entropy den-
sity is bounded from below by the 2-2-hole entropy injection s(teva) given in (31). The ratio
g
1/4
∗ ρ
3/4
rad(teva)/s(teva) ≈ 6.4× 10−3N−1/2N 1/4∗ Mˆmin Mˆ−5/2init s(tinit)/n(tinit) then provides an upper
bound on the baryon-to-photon ratio nB/nγ, which should be larger than the observed value
6 × 10−10. This imposes an upper bound on the 2-2-hole number density to entropy density
ratio as
n(tinit)
s(tinit)
. 1.2× 107N−1/2N 1/4∗ Mˆmin Mˆ−5/2init . (40)
This entropy constraint is weaker than the requirement of generating the observed relic abun-
dance, and is relevant only for MDM .Minit .MBBN.
It is possible that the baryon asymmetry can be generated by the evaporation of primordial
objects, as been discussed for PBHs in [62–66]. This requires that the initial temperature is
above the electroweak scale, namely, Minit . 1012 (Mmin/g)1/2 g. For Mmin of interest, this
upper bound is comparable to Minit . MBBN. Thus, 2-2-holes that complete the early-time
evaporation before the BBN era may account for the observed baryon asymmetry. In this case
the entropy bound derived in the previous paragraph does not apply.
The emission after BBN, but before the time of recombination, can produce distortions in
the CMB spectrum. Yet, given that the parameter space has already been strongly constrained
by the BBN observations discussed before, these constraints are of less interest.
The emission after recombination causes the damping of small scale CMB anisotropies,
providing a new constraint on the number density of 2-2-holes for Minit & Mrec. With the
dominant contribution from the early stage of evaporation as before, the bounds would be
similar to the PBH case, which were found in [67] by modifying the calculation for decaying
dark matter particles. The bound depends on the PBH lifetime, the mass fraction, and the
branching ratio for electrons and positrons Be, which dominates the energy that goes into
heating the matter [4]. So, in the case of 2-2-holes we can make a simple replacement with
log10 (Be f) < −10.8− 0.50x+ 0.085x2 + 0.0045x3, x = log10
(
1013 s
τL
)
. (41)
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Here, f denotes the mass fraction in dark matter at the time of recombination, which can
be related to n(tinit)/s(tinit) by (29), with Mmin replaced by Minit, since the 2-2-hole mass
remains close to the initial value. It turns out that the constraint on n(tinit)/s(tinit) can be well
approximated by a simple form,
n(tinit)
s(tinit)
. 3× 10−80 B−1e N 0.8N−0.8∗ Mˆ−1.5min Mˆ1.3init . (42)
As in the case for PBHs, the bound is quite strong and it becomes weaker as Minit increases.
For an order of magnitude estimation, we use Be ≈ 0.1 for 2-2-holes with Mmin . 1020 g
and T∞,init & 0.1MeV, as for PBHs with M initBH ∼ 1013–1014 g. For much larger Mmin with
T∞,init  0.1MeV, there is only heating from photons, thus the constraint would be much more
relaxed.
5 Discussions
As we have seen, the behavior of primordial thermal 2-2-holes is mainly determined by the
initial mass at formation Minit and the minimal mass Mmin, with minor dependence on the
number of degrees of freedom for both the gas in the interior (N ) and the radiation (N∗). As
discussed in detail in Sec. 3 and Sec. 4, various observations can be used to probe Minit and
Mmin. The results are summarized in Fig. 8 and Fig. 9, assuming the Standard Model values
for N and N∗.
The present epoch observations for the remnants can be used to probe the fundamental mass
scaleMmin in the theory. Constraints on the present mass fraction in dark matter f as a function
of Mmin are displayed in Fig. 8. The most relevant constraints come from high-energy particles
emitted by the merger product of the remnant binaries.8 When using a recent estimation for
the binary merger rate we find that the current observations have a good coverage for the
neutrino and photon fluxes for a wide range of Mmin. By considering only on-shell production
of neutrinos from 2-2-hole evaporation, remnants with Mmin & 105 g are excluded from making
up all of dark matter. We then consider parton showers of highly off-shell initial particles,
where a significant amount of lower energy neutrinos and photons are generated from hadron
decay. This enables us to probe smaller Mmin. By assuming the fragmentation functions in
ordinary QCD, the neutrino observations push the bounds down to ∼ 1 g, and the measured
photon flux further strengthens the constraint to be Mmin . 10mPl.9
It is instructive to compare these novel constraints with the existing bounds from gravi-
tational interaction, which become relevant only for relatively large remnants, i.e. Mmin no
smaller than 1017 g. Apparently, we have opened a new window onto the range of dark mat-
ter parameter space that was previously considered untestable. The strongest photon bound
nonetheless depends on the fragmentation function at quite small energy fraction and so may
suffer more from the theoretical uncertainties. A better understanding of parton showers for
8Radiation from the single remnants is rather weak and does not yield signals sensitive to either the early
universe or present epoch observations, as detailed in Appendix B.
9For illustration, we use the fragmentation function for temperature around 1016GeV. The largerMmin cases
with much lower temperature would have stronger couplings and a different shape of the distribution functions.
The exact constraint on f in Fig. 8 will then change for large Mmin. But it remains true that remnants cannot
be all of dark matter for large Mmin.
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Figure 8: Summary of constraints on the mass fraction of 2-2-hole remnants in dark matter
at present f ≡ ρ(t0)/ρDM(t0) as a function of Mmin. The colored lines show the constraints
on the high-energy particle flux produced by binary mergers of 2-2-hole remnants. The orange
solid lines denote the upper bound from neutrino observations by considering only the on-shell
production, whereas the orange dashed line includes contribution from the parton shower of
initial quarks. The pink dotted line shows the strongest constraints from the diffuse photon flux
at energies much smaller than the average value. The gray lines present a few upper bounds
from purely gravitational interactions as directly adapted from PBHs with the same mass.
Femtolensing of gamma-ray bursts may constrain Mmin down to 1017 g [68]. The dynamical
constraints from disruptions of white dwarfs (WD) and neutron stars (NS) become relevant for
Mmin around 1020 g [69, 70]. The microlensing observations, e.g. HSC [71, 72], cover a wide
mass range from 1023 g all the way up to M. (The validity of the gray dotted lines has been
questioned recently [73–75].)
2-2-hole evaporation, in particular at lower energy, and a more reliable estimation of the merger
rate will help clarify the observational consequences of small 2-2-hole remnants comprising the
dark matter.
The fact that only small Mmin is allowed excludes a large portion of parameter space for the
weak coupling scenario of quadratic gravity. One motivation for this scenario is to resolve the
Higgs naturalness problem with feeble gravitational interactions. The relevant parameter range,
i.e. m2 . 10−8mPl [76], has been excluded if the constraints from the parton shower are taken
seriously. Recently, new experimental setups have been proposed for the gravitational direct
detection of dark matter in the small-mass range. Ref. [77] considered an array of quantum-
limited impulse sensors. A meter-scale apparatus may be capable of detecting Planck mass
remnants, whereas a heavier mass range can be reached with a sparse, larger array of detectors.
Next, we review the constraints obtained from early-universe physics, assuming formation of
primordial 2-2-holes in the radiation era. Fig. 9a shows the constraints for Planck mass remnants
in the strong coupling scenario of quadratic gravity, which resemble closely the constraints for
PBH relics of the Planck mass [4, 9]. The red curve shows the requirement of generating the
observed dark matter relic abundance for Minit extending up to MDM ≈ 4 × 105 g . MBBN,
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Figure 9: Summary of the early-universe constraints on the number density to entropy density
ratio at formation (Minit/mPl)3/2 n(tinit)/s(tinit) as a function of Minit for two benchmark values
of Mmin. This quantity is related to the mass fraction at formation, β, as defined in (26).
We restrict to the small-mass range, i.e. Mmin . Minit . Muni, where the primordial 2-2-
holes have already become remnants today. The red curve denotes the parameter space that
produces the observed relic abundance of dark matter. Exclusions from the photon-to-baryon
ratio through entropy injection in (40) (invalid if the baryon asymmetry is generated by the
2-2-hole evaporation), light element abundance formed in BBN in (38) and CMB anisotropy
in (41) are shown in yellow, blue and green respectively. The critical masses MBBN, Mrec in
(25) and MDM in (34), as shown by the gray vertical lines, specify the mass ranges relevant to
various observations. The gray vertical band excludes low values of Minit due to the minimal
horizon mass in the radiation era, assuming the upper bound on the reheating temperature say
around 1016GeV.
meaning that the early stage of evaporation ends way before the BBN epoch. Larger 2-2-holes
have too small remnant abundance, due to suppression from an extra 2-2-hole dominant phase
as discussed in Sec. 4.1, but their number density can still be constrained by early universe
observations, as shown for the photon-to-baryon ratio, BBN and CMB observations. In the
weak coupling scenario, with the remnants being heavier, the constraints in general differ from
the black hole remnants. For increasing Mmin, the parameter region constrained by entropy
injection shrinks. When Mmin & 1017 g, we have MDM & MBBN and the red and blue regions
overlap, as shown in Fig. 9b. This implies that the parameter space relevant to dark matter
starts to be excluded by BBN observations.
With the remnant mass bounded to be small as in Fig. 8, the upper bound on the formation
mass as required for remnant dark matter is Minit . 1013 g for Mmin . 105 g and Minit . 106 g
forMmin . 10mPl, respectively. This upper bound has implications for the inflation model that
gives rise to density inhomogeneities responsible for the production of primordial 2-2-holes. For
instance, our bounds are smaller than the lower bound on Minit derived from some conjectures
for the UV physics [78]. The density inhomogeneities can generate a stochastic gravitational-
wave background, but the peak frequency forMinit . 1013 g is above kHz [79] and is beyond the
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current reach of ground based detectors. As in the PBH case, the demanded mass fraction for
2-2-hole dark matter implies quite large density perturbations at small scales in comparison to
CMB observations at large scales. This makes the model building of inflation more contrived,
and other production mechanisms deserve to be further explored in this new context.
6 Summary
As horizonless ultracompact objects, remnants from primordial thermal 2-2-holes constitute a
well-motivated candidate for dark matter. They arise in quadratic gravity, a candidate theory
for quantum gravity [25–28]. The fact that remnants appear naturally in the theory puts them
in a favorable position over PBH remnants. Moreover, the 2-2-hole is a probable endpoint of
gravitational collapse instead of the black hole, offering a resolution to the information loss
conundrum due to the absence of a horizon.
The remnant mass Mmin, the minimum allowed mass for a 2-2-hole, is linked to the mass
of the spin-2 mode in the theory. Therefore, any information on Mmin directly connects to the
underlying theory of quantum gravity. In understanding the observational implications of 2-2-
hole remnants as dark matter and exploring the available parameter space for Mmin, the main
determinant is the thermodynamic behavior of 2-2-holes. The case of a relativistic thermal gas
as the matter source was investigated in [27, 28], and this provides a realistic scheme to work
in.
Thermodynamic properties of a thermal 2-2-hole in the large-mass range have the same
form as a black hole, thus the evaporation in the early stage shares most of the features of
the black hole evaporation. Once the temperature reaches the peak value, the 2-2-hole enters
into the remnant stage with close to the minimal mass, where drastic changes occur in the
thermodynamic behavior; heat capacity becomes positive, the evaporation significantly slows
down and asymptotically halts. It is this small 2-2-hole that behaves as a cold, stable remnant,
and serves as dark matter.
As we have shown in this paper, 2-2-hole remnants can account for all of dark matter and
satisfy all observational constraints if both the remnant and formation masses are relatively
small. The formation mass is bounded to be small mainly by the requirement of generating
the observed dark matter abundance. The early stage of evaporation in turn ends way before
BBN begins, with little influence on other early-universe observations. The remnant mass,
on the other hand, can be probed by the observations of high-energy astrophysical particles,
in additional to the conventional PBH searches through gravitational interactions. When two
remnants form a binary and merge, the merger product is no longer a remnant state, but a
very hot 2-2-hole that produces a strong flux of high energy particles before settling back down
to a cold remnant. With the latest estimation for the binary merger rate, the predicted signals
turn out to be strong enough to be confronted by the data, especially from the photon and
neutrino observations. This enables us to constrain the remnant mass to be far below the range
accessible by the conventional PBH searches. The neutrino bounds are more robust against
theoretical uncertainties in the distribution function from parton showers, with Mmin . 105 g
being a conservative estimate. The photon bounds are stronger, and they narrow down the
viable parameter space to be Mmin . 10mPl. In this way, our constraints are tending to push
the theory of quantum gravity towards the strong coupling regime, and thus towards a theory
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with only one fundamental scale.
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Note added.— Recently the authors of Ref. [80] have also discussed the possibility that horizon-
less ultracompact objects in quadratic gravity serve as dark matter. However, they consider a
different object, which is a new limit of the regular solution that can reach large compactness
only for small masses, i.e. M . Mmin. Such solutions are rather disconnected from solutions
that can serve as the endpoint of gravitational collapse of large masses, which are black holes,
or as we argue here, 2-2-holes.
A Structure of thermal 2-2-holes
With no horizon, the whole spacetime for a 2-2-hole can be described by one coordinate system.
For a static and spherically symmetric case, we can choose the form of the line element as
ds2 = −B(r)dt2 + A(r)dr2 + r2dΩ2 . (43)
A 2-2-hole is then defined by the following characteristic leading-order behavior at small r,
A(r) = a2r
2 + ..., B(r) = b2r
2 + ... , (44)
which correspond to a vanishing metric at the origin. As a new family of solutions in quadratic
gravity, it is also the most generic one with a much larger parameter space than for either the
regular solutions or the Schwarzschild-like solutions [25, 26].
As the Ricci term R2 is inessential, we find numerical solutions for the thermal 2-2-holes in
Einstein-Weyl gravity as described by two mass scales, the Planck mass and the mass of the
spin-2 mode. The latter is related to the minimum allowed massMmin for the thermal 2-2-holes
as in (1). The relativistic thermal gas model is governed by the metric functions A(r), B(r)
and the locally measured gas temperature T (r). With two field equations and the conservation
law T (r)B(r)1/2 = T∞, a one-parameter family of solutions exists and is characterized by
M/Mmin [28].
Figure 10 shows how the metric and matter properties vary with the radius r for some
typical values of M/Mmin. The plots are arranged to be independent of the values of Mmin
and N , and so the features apply to Mmin of any size. The purple line shows the behavior for
a typical large 2-2-hole with M much larger than Mmin. Deviations from the Schwarzschild
solution occur at a minuscule distance outside rH , and the behavior changes abruptly almost at
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Figure 10: The metric functions A, B, the Weyl tensor square CµνρσCµνρσ, and the relativistic
thermal gas temperature T as functions of r/rH for M/Mmin ≈ 1 (red), 1.2 (green), 2 (blue),
80 (purple). The black dotted line in the top panels is the Schwarzschild solution. The radius
at which the Weyl tensor square vanishes denotes roughly the boundary of the interior.
the same radius. The blue line is for the merger product of 2-2-hole remnants, which is similar
to the M = Mpeak case (green line) with the maximum T∞. The sizes of the transition region
and the interior region are both at the order of O(rH). The red line is for a typical 2-2-hole
remnant with ∆M much smaller thanMmin. This corresponds to an interior that is pushed well
within the would-be horizon with a size of order 1/
√
a2. As for a large 2-2-hole, the interior in
this case features an extremely deep gravitational potential as described by B(r).
In practice, it is numerically demanding to obtain solutions with M/Mmin being too large
or too close to unity. Fortunately, the solutions in these two limits are governed by distinct
scaling behaviors that relate the interior solutions at different values of M/Mmin. In the large
mass limit, the interior is characterized by rH and λ2, while in the small mass limit the relevant
scales are defined by a2 and b2. With the corresponding scaling behaviors, we can then derive
the analytical approximations (4) and (5) for the large- and small-mass cases, respectively.
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B Constraints on radiation from single remnants
When the 2-2-hole formation mass Minit is small, the early stage of evaporation ends too early
to be constrained. For such cases, constraints on the remnant radiation need to be checked. As
we’ve discussed in Sec. 2.2, the remnant radiation suffers from the complicated low frequency
effects, corresponding to a suppressed effective emitted surface. For simplicity we use the would-
be horizon area in the Stefan-Boltzmann law (9), which then provides an upper bound on the
radiation power. In this section we perform order of magnitude estimates for constraints on the
remnant radiation based on (9). As we will see, for Mmin of interest, the remnant contributions
are too small to be constrained by the current data. Any further low frequency suppression
would make it even smaller.
We start from early universe observations, i.e. BBN and CMB. Constraints on the remnant
radiation can still be inferred from that for PBHs by considering the ratio of the emission rate,
Γi,22(t)
Γi,BH(t)
=
(BiN∗)22
(BiN∗)BH
f22 ρDM s(t0)
−1Mmin T 3∞(t)
0.4 βBH γ1/2g
−1/4
∗ (MBHinit )
−3/2
M2BH(t)T
3
BH(t)
, (45)
where n22(t)/s(t) = n22(t0)/s(t0) and nBH(t)/s(t) = nBH(tinit)/s(tinit) are used. T∞(t) is the
remnant temperature in (14). Since Γi,22(t), T∞(t) decrease with time and Γi,BH(t), TBH(t)
increase with time, we can find a conservative constraint by comparing a 2-2-hole remnant with
a black hole at the earliest time t∗ of the relevant physical process with T∞(t∗) = TBH(t∗).
This equal-temperature condition determines the remnant mass Mmin used for comparison for
a given t∗ and MBHinit . Assuming Γi,22(t∗) = Γi,BH(t∗), the upper bound on the 2-2-hole mass
fraction at this Mmin is
f22 = 4.6× 1025
(
βBH γ
1/2g−1/4∗
)(MBHinit
g
)1/2(
Mmin
g
)−1(
1− t∗
τBH
)2/3
, (46)
with the upper bound on βBH γ1/2g
−1/4
∗ for PBHs. This is a conservative estimation since
T∞(t), (BiN∗)22 ,Γi,22(t) are smaller than the black hole counterpart during the relevant time
period t > t∗.
The BBN observations can constrain the remnant radiation when Minit . MBBN. For the
three processes as we have discussed before, the corresponding range of the remnant mass is
Mmin ∼ mPl–2× 1010 g. Using the constraints for PBHs and (46), we find that the conservative
upper bound on f22 in this mass range is larger than unity. In other words, these 2-2-hole
remnants can safely evade the BBN constraints on the late-time radiation and account for all
of dark matter. The CMB observations become relevant for Minit . Mrec. Similarly, we find
no constraint on 2-2-hole remnants with Mmin . 4× 1012 g from PBH studies [4, 81]. Heavier
remnants with T∞ much lower than the QCD scale or electron mass have negligible impacts on
BBN or CMB.
The present observations can also be used to constrain the remnant radiation. One example
is the diffuse γ-ray background, which has been studied for PBHs that haven’t completed (or
just completed) their evaporation by now with mass around 1014–1015 g [4, 82, 83]. For 2-2-
holes, the photon background receives contribution from both the Milky way at present and
the whole universe from early time.
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The galactic contribution can be calculated from the equation
Φγ =
D
Mmin
(
dNγ
dEγdt
)
, (47)
where the D-factor is defined in (18) and the photon emission rate is given as(
dNγ
dEγdt
)
≈ pi
2
120
2× 4pir2H
T 4∞
〈Eγ〉2 . (48)
Here we approximate the spectrum by emission at the average photon energy 〈Eγ〉 ≈ 5.7T∞ [4],
which ranges from 0.1 keV to 10MeV for Mmin = mPl–1022 g. For 2-2-holes, the quantity of
interest is then
E2γΦγ ≈ 1.0× 10−7 f N 1/3N∗−4/3
(
Mmin
g
)1/3(
ln
1.8× 1056
Mmin/g
)−7/3
keV sr−1 cm−2 s−1 , (49)
where T∞ is evaluated from (14) for ∆t ≈ t0. In order to estimate the extragalactic contribution,
we can use the corresponding versions of (23) to take into account all the emission from the time
of recombination and afterwards. With the Planckian distribution for initial particles, we use
2pi2dNγ/(dtdEγ) = Eγ(t)
2pir2H/(e
Eγ(t)/T∞(t)− 1) for the emission rate, where Eγ(t) = (1 + z)Eγ.
We find that the extragalactic contribution is in the same order of magnitude as the galactic
one.
Including both contributions, we find that the current existing data for isotropic photon
flux [84, 85] is unable to see a possible 2-2-hole contribution. The largest value for the average
photon energy 〈Eγ〉 ≈ 15 MeV corresponds to Mmin ≈ mPl, resulting in an anticipated flux
contribution fifteen orders of magnitude smaller than the observed value. For largerMmin, even
though the relative value of the 2-2-hole flux increases for 〈Eγ〉 ≈ 0.7 keV (Mmin ≈ 1022 g), the
2-2-hole contribution is still six orders of magnitude too small.
In summary, observations from BBN, CMB and diffuse photon flux impose no constraints on
the thermal radiation from isolated 2-2-holes remnants with relatively small mass. The larger
Mmin region, on the other hand, has already been strongly constrained by other observations,
as we can see in Fig. 8.
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